Introduction
The determination of hydraulic conductivity is an important parameter on the description of water transportation in complex porous systems, such as soil. Darcy Buckingham equation describes the water movement in unsaturated porous media. This parameter is given in terms of moisture content expressed by their moisture content or its potential energy. The soil hydraulic conductivity is a property of each pore system since it depends on the shape and geometrical arrangement of its particles. The study of hydraulic conductivity for unsaturated soils can be used to analysis the irrigation, drainage and nutrient transport, also for development of an agricultural crop. The description of the water flow in soil is important for design irrigation projects, erosion control and even control of movement of toxic waste from the surface to deeper horizons. The first experimental study on the movement of water in the soil was done by Henry Darcy in 1856, using soil columns of saturated sand (Darcy, 1856) . In 1907, Edgar Buckinghan described the water flow in unsaturated porous media modifying the equation obtained by Darcy (Buckingham, 1907) . In 1931, Lorenzo Adolph Richards combined the equations of Darcy and Buckingham with the equation of continuity to establish an overall relationship, which is yet used (Richards, 1931) . Klute describes several methods for estimating the hydraulic conductivity and diffusivity for unsaturated soils in natura and in laboratory (Klute, 1972) , including the Instantaneous Profile Method, . The Gamma Ray Transmission (GRT) technique in physics of soil was first applied to density measurements, according to Reginato & Van Bavel, 1964 , and later for determination of soil moisture content. One of the earliest work using the GRT technique was carried out by Reichardt, 1965 . The GRT allows nondestructive measurements of density and soil moisture content, study of soil compaction caused by agricultural machinery and also the monitoring of changes in soil profile density (Portezan Filho, 1997) . In order to do descriptive measurements of hydraulic conductivity of soil, crop growing conditions should be complied with in situ analysis (Chong et al., 1981 , Libardi et al., 1980 , Hillel et al., 1972 . However, laboratory analysis can recreate the environment field simulating rainfall or irrigation procedures with controlled water infiltration in undisturbed soil columns. The undisturbed columns preserve the soil structure in natura and can be moved to laboratory for analysis. Studies of disturbed soil columns for some purposes are found in literature (Ying et al., 2010 , Al-Houri et al., 2009 , however, analysis of undisturbed soil columns are relatively novel concept (Coppola et al., 2004) . This chapter introduces a non conventional technique for determining the hydraulic conductivity in soils [K (θ)], the of Gamma Rays Transmission method, which together with the methods of Sisson et al., 1980 was adopted to analyze the conductivity of undisturbed soil columns.
Methodology

Gamma RaysTransmission
Each one of these processes produces a complete or partial transfer of energy from a photon to an electron of the sample, contributing to definition of the mass attenuation coefficient [μ (cm 2 .g -1 )] of the material. The μ coefficient will define the rate of radiative absorption by matter. It is an intrinsic property of each material with density [ρ (g.cm -3 )] and atomic number (Z) defined. In the case of materials with several density and chemical composition, the volume fraction crossed by the radiation beam has a particular mass attenuation coefficient. The exponential absorption which characterizes the passage of a monoenergetic electromagnetic radiation through a homogeneous material is given by the Beer-Lambert Law (Siegbahn, 1965) given by:
A photon detector converts photons into electrical pulses. These pulses are measurable by the detection system, each counted pulse is called "count". The intensity of the radiation from a source "I 0 " is the ratio between the number of counts and the exposure time (s). The intensity "I" of the beam that was attenuated in by the object with a thickness x (cm) is quantified in the same way, ie:
were N is the total number of counts. The radiation beam in the technique GRT has a thickness defined by the use of collimators, assuming a cylindrical shape with a diameter defined. Thus, the determination of the mass attenuation coefficient can be done point to point in the sample, allowing analyzing a density profile of the material.
Sisson method
Working in laboratory with saturated porous material, Darcy found a proportional relationship between density of water flow and hydraulic gradient. 
where the q vector is the density of water flow in soil (m.s -1 ), grad H is the vector gradient of hydraulic potential (cm.cm -1 ) and K (θ) is the hydraulic conductivity of the sample (m.s -1 ) of soil, function of soil moisture content with rigid porous media. The Sisson method assumes that the one-dimensional water flow in porous media, in z-direction from the surface of soil to down, can be described by Richards equation:
where θ S is the moisture content saturation calculated by experimental data moisture θ of the water redistribution for every depth level z = L, through the model θ versus lnt for a short time (0.0007 day, practically zero). By some algebraic manipulations of the equation (8), it is obtained:
This is the equation presented by Sisson et al., 1980 . Performing a linear regression lnt versus (θ -θ S ) for each depth level L, the values of the constants K S (saturated hydraulic conductivity) and γ can be determined.
Materials and methods
Nuclear apparatus
The equipment adopted at this work was a 2"x2" diameter NaI (Tl) scintillation detector, 2 mm diameter source and 5 mm diameter detector lead collimators, standard gamma spectrometry electronic constituted by pre-amplifier, amplifier and high voltage supply (HV). The radiation source was an Americium-241 ( 241 Am) source with 59.6 keV energy and 100 mCi activity. The nuclear setup is coupled to a sample holder system that movement vertically the soil column. Figure 1 shows the gamma ray transmission experimental set-up. 
Soil column
Undisturbed soil columns were taken from the campus of the State University of Londrina-UEL, Brazil, in a region destined to agronomic studies. The soil of the place is categorized as dystrophic dark red latossol. For the soil columns extract, some equipment are required like shovels, hoes and garden trowels, gauzes and paraffin as well stove and metal container for melting the paraffin. In a trench with about 60 cm deep, the column was molded into one wall of the trench with the garden trowels. With 40 cm, 10 cm wide and 5 cm thick, the column was wrapped with a layer of gases that absorbed the previously melted paraffin. When dry, the layer of gas and paraffin formed a shield that contained the undisturbed soil for its transport to the laboratory LFNA, Applied Nuclear Physics Laboratory, located in the Physics Department/UEL. Six columns of undisturbed soil were extracted from the trench, but only one column resisted the transporting to the laboratory or no presented cracks in the interface between shield and soil. About 5kg of soil samples were also collected from the trench for determination of initial moisture content of the soil.
Soil column gammagraphy
To use the Sisson model the gammagraphy of the column should be accomplished. Gammagraphy is a scan of the column with the gamma beam used for the estimation of any parameters of the equation 9. As shown in Figure 2 , the scanning is performed at the measuring points pre-determined over the soil column.
Fig. 2. Process of gammagraphy of the soil column.
The gammagraphy should be performed in the column with soil and in the empty column, ie, only in the paraffin that surrounds the soil. For the column with soil, Figure 3 shows the thickness crossed by the gamma beam. The air and paraffin shield attenuation are inserted in the initial beam intensity I o . The undisturbed soil column is constituted by soil, initial moisture content and porosity, so the x sc thickens is given by:
where x sc is the thickness of the soil column, x s is the equivalent thickness of the soil, x w is the equivalent thickness of the water and x p is the equivalent thickness of the pores. Considering the equation 10, equation 1 can be written as follows:
Denoting by θ s , θ w and θ p, the volumetric fraction of soil, water and the pore within the sample, respectively, is given that:
Considering the space of the soil, water and pore in terms of "volume", 
The soil bulk density ρ is denoted by ρ=ρ s θ s , and considering the water density as ρ w = 1 g.cm -3 , equation 14 becomes:
For the gammagraphy of the paraffin shield, first it is considered the column with dry soil.
As can be seen in the Figure 3 , x pa is the paraffin thickness, I 0 and I (intensity of the gamma beam emergent from the soil column without paraffin shield) become I 0s (average of the measurement points) and I s (intensity of the gamma beam emergent from the soil column with paraffin shield), respectively, thus the following equation can be written as:
Considering the empty column, ie, only the paraffin that shields the soil, as shown in Figure  4 , the equation 16 can be written as: Fig. 4 . Gammagraphy of the paraffin that shields the empty the soil column.
Dividing the equation 16 by 17, and with some algebraic manipulations, the result is given by:
where I 0s and I 0pa are the average intensity of the gamma beam incident on the soil column and empty column (cont.s -1 ), respectively, I s and I pa are the average intensity of the gamma beam incident on the soil column and empty column (cont.s -1 ), x sc is the thickness of the soil column (cm), θ 0 is the initial moisture content (cm 3 .cm -3 ) and μ w is the water mass attenuation coefficient (cm 2 .g -1 ). This equation allows the determination of mass attenuation coefficient of the soil μ s . If soil density ρ (g.cm -3 ) is not known, this parameter should be determined by the gravimetric method presented in the preceding item.
For the measurements of moisture content profiles θ (z,t) in function of the time and depth level, after water infiltration in soil column, equation 16 can be described as:
where I is the intensity of the gamma beam emergent from the soil with water (cont.s -1 ) and θ is the moisture content (cm 3 .cm -3 ).
Inserting the equation 16 in the equation 19, the new equation is given by: 
Applying the neperian logarithm (ln) on each side of the equation 23 and inserting the exponential term on the equation 24, and isolating ( ) θ z,t , the result is:
where μ w is the water mass attenuation coefficient (cm 2 .g -1 ), x is the thickness of the soil column (cm), I P and I S are the intensity of the gamma beam emergent from the empty column and soil column (cont.s -1 ), respectively, I 0P and I 0S are the average intensity of the gamma beam incident on the empty column and soil column (cont.s -1 ), respectively. With the processes of infiltration and redistribution of the water in soil, the values of moisture content ( ) θ z,t at each depth level of the soil column were calculated using the equation 25.
With the data of moisture content variation at each depth level, the hydraulic conductivity K (θ) was determined applying the model of Sisson.
Soil density and humidity
In order to determine the θ 0 and ρ s parameters, the gravimetric method was adopted. For these determinations beakers, electric kiln and digital balance are required. The soil sample that was collected from the trench was sieved and packed in the beakers with know volume. The mass of the beaker with soil was measured after and before the drying process in the kiln (24 hours at 105º C). The difference in mass before and after drying is the mass of moisture content of the sample from the trench, which is also considered as being the moisture content present in the soil column. To measure the initial moisture content of soil sample ( θ 0 ), we have the following equation:
where, water density is 1 (g.cm -3 ), θ 0 is the initial moisture content (cm³.cm -3 ), m H2O is the water mass (g) and V B is the water volume (cm³). Soil density [ρ s (g.cm -3 )] was determinate with the following equation:
where m s is the soil mass (g) and V AC is the sample holder volume.
Mass attenuation coefficients
The determination of the water mass attenuation coefficient [μ (cm 2 .g -1 )] has dual importance in the process of analysis of soil hydraulic conductivity, besides being an important factor present in the equations that predict the conductivity, is also used as a parameter in checking the effectiveness of the transmission system, including collimation, stability of electronic and deviations inherent of the equipment. In this procedure a rectangular acrylic box is used as a sample holder. The box is irradiated empty at several measurement points, as can be seen in the Figure 5 . The transmission is performed in the empty box to measure I 0 of the equation 1. The I 0 is given as the intensity of the gamma beam radiation emergent from the sample holder, instead the intensity of the beam incident on the sample. After that, the box is filled with water and the transmission is performed again, where the equation 1 takes the following form:
The same procedure is accomplished with the sample holder filled with soil:
where ρ s is given by the equation 27 and x is the internal width of the sample holder.
Preliminary measurements 4.1 Soil density and mass attenuation coefficients
Following the script of section 3.4, the soil density (ρ s ) of the trench and its initial moisture content (θ 0 ) was determined. The values are ρ s = 1.48 g.cm -3 and θ 0 = 0.223 cm 3 .cm -3 .
To determine the mass attenuation coefficients of water and soil, was used the equations 28 and 29. Was used the exposure time t = 300s for both. Six measures points were adopted in the acrylic box for the three situations, empty box, box filled with water and soil. The determined values, an average of six measures, were μ s = 0.4114 ± 0.0045 cm 2 .g -1 and μ w = 0.02016 ± 0.00002 cm 2 .g -1 . Table 1 presents values of mass attenuation coefficients of water found in literature, for the same gamma energy used in this work, and also the value determined with the WinXCOM program. This software determines the mass attenuation coefficients for materials by their chemical composition and energy of the radioactive source (Gerward et al., 2001 , Moreira et al., 2006 .
Current work 0.02016 ± 0.00002 Oliveira, 1991 0.0200 ± 0.0002 Ferraz, 1974 0.0200 ± 0.0002 Appoloni & Rios, 1994 0.0267 ± 0.0001 WinXCOM (Gerward et al., 2001) 0.0207 Table 1 . Values of the water mass attenuation coefficient.
The good agreement among the μ w values shown in Table 1 indicates that the gamma ray transmission system is able to accomplish the measurements.
Undeformed soil column gammagraphy
With the soil column placed on the measurement table (Figure 1 ), the process of gammagraphy of soil column has begun and the column is still dry. The column was measured at 12 points (space between two points of 2 cm), starting at z = 2 cm to z = 24 cm depth levels and exposure time was 60 s per point. This procedure is also known as densitometry, because analyze the homogeneity of the density profile within the soil column in relation to the depth. The presence of voids that have great influence on the process of hydraulic conductivity can be detected. The densitometry process is described in section 3.3. and the equation used was the 18. The gammagraphy of the paraffin shield of the column was performed after the process of infiltration and redistribution of water in soil. At this stage, the column needs to be open and have the soil removed. Figure 6 presents the graphic ρ (g.cm -3 ) versus z (cm). The density homogeneity along the column can be noted. The lowest value of density was ρ = 1.347 ± 0.039 g.cm -3 at depth level z= 10 cm and the highest was ρ = 1.654 ± 0.048 g.cm -3 at depth level z=4 cm. 
Infiltration and redistribution of water in soil column
With the densitometry performed, the soil column was prepared for the infiltration of water into undisturbed soil. The top of the column was cut and a thin layer of soil was removed. Five layers of filter paper and a polymeric foam were placed on the surface of soil. This way, the direct contact between soil and water was avoided and a homogeneous infiltration with a low water flow was performed. Water was infiltrated keeping a water layer of approximately 0.5 cm on the top of the column. The gamma beam was kept in depth level z = 32 cm and the gamma beam intensity was constantly measured with t = 60 s. The infiltration was completed when the gamma beam intensity was changed. This change indicated the water reached the point z = 32 cm. When the infiltration finished, the soil column was sealed to avoid water evaporation and the redistribution measurements started. The redistribution measurements analyze the movement of water in the soil column and determine the function of hydraulic conductivity K (θ) with the methodology adopted. The distance between measurement points was 2 cm, from the depth z = 2 cm to z = 20 cm. The determination of moisture content at each point was done with the equation 25. Several data were needed to follow the variation of moisture content in the depth levels. The redistribution process was accomplished in 22 days. In the beginning, 9 measurements were made with interval of 20 min, and subsequently increased to 40 min. Figures 7, 8, 9 , 10 and 11 presents the graphics of moisture content ( ) θ z,t at each point versus time for the depth levels z = 8, 12, 16, 18 and 20 cm, respectively, the curve fitting coefficient (regression r) to the experimental data are also presented. Analyzing the graphs, we notice a decrease in moisture content with the increase of the time, characteristic of the process of draining water. Theres a accentuated decrease of moisture content in the first two days of redistribution and the results from the four day no present significant changes. Figures 12 and 13 present the results of moisture content versus time for two depths (14 and 28 cm) of another a soil column that was discarded. Increase of moisture content is verified in the course of time, quite different from the behavior presented in the previous figures. In this other column particularly, the soil was dried and cracks were created in the interface soil/paraffin, preferential pathways for water were found. The determination of the hydraulic conductivity of that soil column was not accomplished. 
Empty column gammagraphy
When the redistribution measurements finished the soil column was opened. The soil was removed from the column and only the shield (paraffin and gauzes) was preserved. The gammagraphy of empty column was performed following the procedures of section 3.3. The gammagraphy data were used to calculate the soil linear attenuation coefficient and also the soil moisture content (equations 18 and 25) in the process of water infiltration and redistribution. Using the data of moisture content redistribution with the model, the value of parameters γ, Ks was determined. With these parameters calculated for each depth level, it is possible to obtain the hydraulic conductivity function K (θ). There is a small correlationship between moisture content with densities measured in each depth level. The depth level z = 10 cm, for example, has the lowest density value, as shown in Figure 6 . indicating a high porous region compared to the other depths. The curve fitting coefficient r and the values a and b of the model θ = a ln t + b to the experimental data are shown in Table 3 . The worst curve fittings to the experimental data were the depths z = 10 cm and 14 cm, where r = -0.2875 and -0.2721 respectively. In depths z=2 cm and 20 cm the values of r = -0.6730 and -0.6361, respectively, are the best results of the model application of the experimental data. Table 4 presents the values of K s and γ, obtained by the method of Sisson with the equation (6), for all depth levels of the soil column (z = 2 cm to 20 cm). There's an increase of the conductivities K s in relationship to the depth. With these two parameters was possible to determine the hydraulic conductivity function K (θ) at each depth level, as can be seen in Table 5 . Figure 14 shows the behavior of lnK [K (cm.h -1 ] in function of θ (cm 3 .cm -3 ) for the depth levels of z = 2 to z=20 cm. Due to the exponential model for K (θ), small variations for water moisture θ provide great differences between the values of hydraulic conductivity. Table 5 . Hydraulic conductivity K (θ) (cm.h -1 ) values.
Hydraulic conductivity determination
Conclusion
With the methodology employed was possible to analyze the temporal and spatial evolution of moisture content θ (z, t) in the undisturbed soil column. The results of hydraulic conductivity using the method of Sisson indicate a decrease of K (θ) in relation to the depth. With the gamma ray transmission technique was also possible to detect a variation on the soil compaction inside the column, by the densitometry data. The combination of the two methods applied in this study, Sisson and Gamma Ray Transmission, was effective to determine the hydraulic conductivity of undisturbed soil column. However, the combination can be used for application in infiltration of water in other porous media to evaluate the temporal evolution of the water flow. Another important tool of the GRT, a non-destructive technique, is to analyze the porous structural variability of samples along its length. The gammagraphy, specially the densitometry presented in section 3.3, with some approximations, can also be applied to study internal structures of a large range of samples.
